Aliphatic alcohols naturally exist in many organisms as important cellular components; however, their roles in extracellular polymer biosynthesis are poorly defined. We report here the isolation and characterization of a rice (Oryza sativa) malesterile mutant, defective pollen wall (dpw), which displays defective anther development and degenerated pollen grains with an irregular exine. Chemical analysis revealed that dpw anthers had a dramatic reduction in cutin monomers and an altered composition of cuticular wax, as well as soluble fatty acids and alcohols. Using map-based cloning, we identified the DPW gene, which is expressed in both tapetal cells and microspores during anther development. Biochemical analysis of the recombinant DPW enzyme shows that it is a novel fatty acid reductase that produces 1-hexadecanol and exhibits >270-fold higher specificity for palmiltoyl-acyl carrier protein than for C16:0 CoA substrates. DPW was predominantly targeted to plastids mediated by its N-terminal transit peptide. Moreover, we demonstrate that the monocot DPW from rice complements the dicot Arabidopsis thaliana male sterile2 (ms2) mutant and is the probable ortholog of MS2. These data suggest that DPWs participate in a conserved step in primary fatty alcohol synthesis for anther cuticle and pollen sporopollenin biosynthesis in monocots and dicots.
INTRODUCTION
Fatty alcohols naturally exist in plants, animals, and algae in free forms (the component of cuticular lipids), but more frequently in esterified (wax esters) or etherified forms (glyceryl ethers). Fatty alcohols are important cellular components, including the fatty constituents of plant cuticle, insect surface coatings, animal skin, and others (Kunst and Samuels, 2003) . It has been demonstrated that fatty alcohols are synthesized by fatty acyl-CoA reductase (FAR) through the four-electron reduction of fatty acyl-CoA, with NADPH as a cofactor (Kunst and Samuels, 2003; Samuels et al., 2008) . Previous reports revealed that FARs in garden pea (Pisum sativum), jojoba (Simmondsia chinensis), Arabidopsis thaliana, wheat (Triticum aestivum), mouse (Mus musculus), and silkmoth (Bombyx mori) possibly perform alcohol formation from fatty acid precursors (Aarts et al., 1997; Metz et al., 2000; Moto et al., 2003; Wang et al., 2003; Cheng and Russell, 2004; Rowland et al., 2006; Doan et al., 2009; Domergue et al., 2010) .
During pollen development in flowering plants, fatty alcohols and their derivatives are major components of the anther cuticle and pollen wall, which are rich in lipids (Ahlers et al., 1999; Meuter-Gerhards et al., 1999; Jung et al., 2006) . The anther cuticle functions as a barrier enclosing the anther, which contains the meiotic cells (also called microsporocytes) at the center of each anther lobe, surrounded by four somatic layers, which from the surface to interior, are the epidermis, the endothecium, the middle layer, and the tapetum (Goldberg et al., 1993; Scott et al., 2004) . Later, the pollen develops a protective wall, which has two layers, the outer exine and the inner intine. The exine is generally further divided into two sublayers, the sexine and nexine (Zinkl et al., 1999) . The highly sculptured exine is mainly composed of a biopolymer sporopollenin, which occurs throughout flowering plants and is thought to have played a key role in land colonization by plants (Chaloner, 1976) . The biochemical nature of the anther surface and pollen exine remains poorly understood due to difficulties in purifying and obtaining large quantity of materials for analysis. In addition, sporopollenin is highly insoluble, hardly degradable, and exceptionally stable (Brooks and Shaw, 1968; Bubert et al., 2002) . Currently available evidence indicates that the major components of sporopollenin are straight-chain fatty acids and oxygenated aromatic monomers, such as p-coumaric and ferulic acids (Domínguez et al., 1999; Bubert et al., 2002; Blackmore et al., 2007) .
Previous studies of male-sterile mutants with abnormal pollen wall formation have shown that both the diploid sporophytic tapetal cells and gametophytic microspores contribute to pollen wall synthesis (Bedinger, 1992; Ariizumi and Toriyama, 2011) . The lipidic precursors of sporopollenin are considered to be mainly produced in the tapetum under the control of the sporophytic genome. Rice (Oryza sativa) and many other plants have a secretory type tapetum with Ubisch bodies or orbicules; these are specialized structures forming along the inner surface of the tapetum/anther locule, which transfer lipidic components from the tapetum to the microspores (Huysmans et al., 1998) . Exine formation commences from the late tetrad stage, with the deposition of lipidic precursors onto the microspore surface, between the callose wall and the microspore plasma membrane (Paxson-Sowders et al., 1997) . The primexine structure on the microspore plasma membrane functions as the exine template for the polymerization of these precursor components and exine patterning (Blackmore et al., 2007) . DEFEC-TIVE IN EXINE PATTERN FORMATION (DEX1) is a putative membrane associated protein with predicted calcium binding domains. In Arabidopsis, the dex1 mutant has delayed development of the primexine, and the synthesized sporopollenin is therefore abnormally deposited on the mutant microspore surface (Paxson-Sowders et al., 1997) , suggesting a crucial role for the microspore in pollen wall patterning. After the first pollen mitosis, the formation of the exine is almost complete; at later stages of pollen ontogeny, two other components (i.e., the pectocellulosic intine and the tryphine, or pollen coat) are deposited onto the pollen wall (Piffanelli et al., 1998) .
Genetic analyses have revealed several genes critical for anther cuticle and pollen wall development, such as MALE STERILITY1 (MS1), MS2, ECERIFERUM1 (CER1), NO EXINE FORMATION1 (NEF1), FACELESS POLLEN1, CYP703A2, AcylCoA Synthetase 5 (ACOS5), CYP704B1, TETRAKETIDE a-PYRONE REDUCTASE1 (TKPR1), TKPR2, LAP6/POLYKETIDE SYNTHASE A (PKSA), and LAP5/POLYKETIDE SYNTHASE B (PKSB) in Arabidopsis (Aarts et al., 1995 (Aarts et al., , 1997 Wilson et al., 2001; Ariizumi et al., 2003 Ariizumi et al., , 2004 Morant et al., 2007; de Azevedo Souza et al., 2009; Dobritsa et al., 2009 Dobritsa et al., , 2010 Grienenberger et al., 2010; Kim et al., 2010) , as well as Tapetum Degeneration Retardation (TDR), Wax-Deficient Anther1 (WDA1), CYP704B2, Os C6, Post-meiotic Deficient Anther1, and PERSISTENT TAPETAL CELL1 (PTC1) in rice (Jung et al., 2006; Zhang et al., 2008 Zhang et al., , 2010 Li et al., , 2011 Hu et al., 2010; . However, relatively little has been described on the biochemical activities of these gene products.
In heterotrophic eukaryotes, the usual pathway of fatty acid synthesis is found in the cytosol, whereas in plants, the generation of long-chain fatty acids up to C18 mainly occurs in semiautonomous plastids, such as the chloroplast (Ohlrogge et al., 1979; Li-Beisson et al., 2010) , and some fatty acids are extended and used for lipid synthesis in the endoplasmic reticulum (ER; Kunst and Samuels, 2003) . Plastids are assumed to play crucial roles for successful anther development in angiosperms, such as storing lipids in elaioplasts. In tapetal cells, proplastids undergo division during the early stages of microsporogenesis and subsequently develop into elaioplasts that are involved in the biosynthesis of tapetal lipids, which contribute to lipidic pollen wall formation (Clement and Pacini, 2001 ). However, the role of plastid-related lipid metabolism in plant development remains unknown.
In this study, we report the isolation of a rice recessive, nuclear male sterile mutation in the DEFECTIVE POLLEN WALL (DPW) gene, which encodes a fatty acyl reductase. We show that DPW expression is detectable in the tapetum and microspores and that its protein is mainly localized to the plastid by a DPW N-terminal transit peptide. Recombinant DPW enzyme produced in bacteria has the ability to convert palmiltoyl-acyl carrier protein (ACP), palmiltoyl-CoA, and palmitoleoyl-CoA to their corresponding alcohols. In addition, recombinant DPW has a high affinity for palmiltoyl-ACP. DPW is able to complement the Arabidopsis ms2 mutant, indicating that DPW is the putative rice ortholog of MS2. Our work therefore reveals a conserved pathway for primary fatty alcohol synthesis that is essential for pollen wall and anther cuticle development in both dicot and monocot plants.
RESULTS

Isolation and Genetic Analysis of the dpw Mutant
To identify rice genes that are important for normal anther and pollen development, we used 60 Co g-ray radiation to generate a rice mutant library in the 9522 background, which is a cultivar of O. sativa ssp japonica (Liu et al., 2005; Chen et al., 2006; Li et al., 2006; Wang et al., 2006) . We isolated the dpw mutant by its complete male sterility and small anthers. The dpw mutant was backcrossed with wild-type plants (the 9522 cultivar) three times and used for genetic and phenotypic analyses.
When the dpw plants were pollinated with wild-type pollen, all of the F1 progeny displayed the wide-type phenotype, indicating that dpw is a recessive mutant. F2 progeny tests yielded a segregation of 153 normal and 49 mutant plants (x 2 = 0.08, P > 0.05), indicating monofactorial recessive inheritance of the mutant characteristic. Vegetative and floral development seemed to be normal in the dpw mutant plant ( Figures 1A to 1C) ; however, compared with the wild type, the mutant anthers were smaller ( Figures 1D and 1E ) and lacked normal mature pollen grains ( Figures 1F and 1G ).
Phenotypic Analysis of the dpw Mutant Anther Development
To investigate the cellular defects of the dpw mutant during pollen development, we first examined the integrity of the pollen wall following chemical treatments. The abnormal pollen exine of pollen wall defective mutants is usually sensitive to chemical 2 of 22
The Plant Cell treatment, such as acetic anhydride (Aarts et al., 1997) . We observed that wild-type pollen grains at stage 9 (Zhang and Wilson 2009 ) were insensitive to acetolysis and retained their integrity (Figure 2A ), whereas the dpw mutant pollen grains at this stage were highly sensitive and severely damaged by this treatment ( Figure 2B ), indicating that the pollen exine in dpw was abnormal.
The dpw anther was smaller than that of the wild type, and we analyzed its phenotype further by examining the anther surface structure using scanning electron microscopy. At stage 9 of anther development, the anther surfaces of the wild type and the dpw mutant exhibited no obvious differences (Figures 2C and 2D) . At stage 12 (Zhang and Wilson, 2009 ), compared with the well-formed cuticle on the exterior of wild-type anthers ( Figure  2E ), the dpw anther outer surface was relatively smooth ( Figure  2F ). Intriguingly, unlike the wild-type anther, which at stage 9 had large numbers of granular Ubisch bodies on the inner locule surface ( Figure 2G ) (Zhang and Wilson 2009 ), the dpw mutant had empty and shrunken Ubisch bodies ( Figure 2H ). Moreover, at this stage, the wild-type pollen grains had a smooth and particulate exine patterning ( Figure 2I ), whereas the dpw pollen surface appeared severely shrunken ( Figure 2J ). This finding is in good agreement with the observed sensitivity to acetolysis treatment. Therefore, we named this mutant defective pollen wall (dpw).
To characterize the anther morphological defects in the dpw mutant, we examined wild-type and mutant anther development using light microscopy of transverse sections. No detectable differences were observed between wild-type and the dpw mutant anthers during the early stages of development, until stage 9 ( Figures 2K and 2L) ; meiosis in the dpw mutant also seemed to be normal, as indicated using 49,6-diamidino-2-phenylindole staining analysis (see Supplemental Figure 1 online). During stage 10, wild-type tapetal cells started to shrink and were deeply stained with toluidine blue. The middle layer became narrower and was barely visible, and the wild-type microspores were spherical with large central vacuoles ( Figure 2M ). By contrast, at this stage, the dpw mutant tapetal cells were larger than normal with reduced staining, and the microspores were less vacuolated, abnormally shaped, and starting to degenerate ( Figure 2N ). In the wild-type anthers, exine deposition was nearly completed by stage 11; at this stage, the uninucleate pollen had developed into trinucleate pollen through two mitotic divisions and the tapetal cells had differentiated and degenerated ( Figure  2O ) (Zhang and Wilson, 2009) . However, at stage 11 in the dpw anthers, the microspores were abnormally developed with an irregular appearance, with most fragmenting and disintegrating. In addition, the dpw tapetal cells were lightly stained, collapsed into the anther locule, and degenerating, whereas the middle layer persisted ( Figure 2P ). At stage 12, wild-type pollen grains were full of starch and lipids, and the tapetum was completely degenerated ( Figure 2Q ); by contrast, in the dpw anther, the microspores had degenerated completely, leaving an empty anther locule ( Figure 2R ).
To obtain a more detailed understanding of the abnormalities of the dpw mutant anther development, transmission electron microscopy (TEM) was performed. In accordance with the light microscopy, from late stage 6 to stage 8, no significant differences were detected between the wild type and the dpw mutant in the anther cell layers and microspores ( Figures 3A to 3D ). In the wild type at stage 9, the tapetal cells contained numerous small vacuoles throughout the electron-dense cytoplasm; the tapetal cells then became deeply stained and started to degenerate (Figures 3E and 3G) . However, more abnormal electron-dense structures were found in the dpw tapetal cells (Figures 3F and 3H) . At this stage in the wild type, microspores were released from the tetrads into the locules and the pollen wall appeared thickened as more sporopollenin was incorporated into the exine ( Figures 3I and 3K ). By contrast, the dpw mutant pollen had irregularly distributed vacuoles and a surface with a coarse primexine matrix that lacked any obvious sporopollenin deposition ( Figures 3J and 3L ). At stage 10, wild-type tapetal cells appeared lightly stained, became thin, and continued to degenerate, and the middle layer degenerated and was no longer visible ( Figures 3M and 3O ) (Zhang and Wilson, 2009) . However, in the dpw anthers, irregular cellular structures were apparent, the middle layer persisted, and the tapetal cells did not condense but rather became abnormally expanded with an increased number of vacuoles ( Figures 3N and 3P) . Furthermore, at this stage, wild-type microspores had nearly completed pollen exine deposition and exhibited distinctive sexine and nexine sublayers ( Figures 3Q and 3S) . However, the dpw mutant pollen failed to form separate sexine and nexine and had numerous abnormal vacuoles ( Figures 3R and 3T) . Most of the abnormal dpw pollen grains gradually degenerated, leaving only some distorted pollen with less exine in the locule. Consistent with the role of Ubisch bodies in the transport of nutrients and materials for pollen wall development, we observed in the wild-type anthers abundant Ubisch bodies with electron-dense sporopollenin precursors at the interface between the tapetal cells and microspores ( Figure  3U , arrow). However, only a few abnormal Ubisch bodies were found in the dpw mutant ( Figure 3V ), implying that the dpw pollen wall defect is possibly due to a lack of Ubisch bodies and reduced secretion from the dpw tapetum. Consistently, unlike the mature pollen grains in the wild type at stage 12 ( Figure 3W ), we found nearly collapsed pollen in the dpw anther locule ( Figure  3X ). Meanwhile, the wild-type anther wall layers at stage 12 became more degenerated and formed electron-dense hair-like structures on the epidermis ( Figure 3W ). This suggests that lipophilic materials (cutin and wax) diffused to the surface of the anther cell wall. By contrast, the dpw anther wall layers appeared less degenerated and had obvious cellular structures and stained weakly ( Figure 3X ), suggesting that decreased amounts of lipophilic materials were deposited or transferred to the outer epidermal cell wall during these stages.
Altered Aliphatic Composition of the dpw Anther
The defects in the anther cuticle and pollen wall, as well as the reduced number of lipidic Ubisch bodies in dpw, suggest abnormalities in the synthesis of aliphatic components. To test this hypothesis, we analyzed the composition of chloroform extractable cuticular waxes as well as aliphatic cutin monomers and total soluble lipids from wild-type and dpw anthers by gas chromatography-mass spectrometry (GC-MS) and gas chromatography-flame ionization detection (GC-FID) (Bonaventure et al., 2004; Franke et al., 2005) . We employed an approach to measure the surface area of anthers, in which the calculated values of surface area of randomly selected samples were plotted against the weight of each corresponding sample ; see Supplemental Figure 2 online). Analytical results showed that the total wax in the dpw mutant anthers (0.37 mg/ mm 2 ) increased by 16.2% compared with the wild type (0.31 mg/ mm 2 ; P < 0.05) ( Figure 4A ). In particular, alkenes (C27, C29, C31, C33, and C35) were significantly increased in the mutant (P < 0.05 for C27; P < 0.01 for C29, C31, and C35) ( Figure 4B ; see Supplemental Table 1 online). In addition, a significant increase in the levels of C24 (P < 0.01), C26 (P < 0.01), and C28 (P < 0.01) alcohols and C23 alkane, as well as a decrease in C26 acid, were also observed ( Figure 4B ; see Supplemental Table 1 online).
To analyze anther cutin monomer composition, the cutin polyester from delipidated anthers was transesterified (Bonaventure et al., 2004; Franke et al., 2005 ). An earlier investigation by Jung et al. (2006) indicated that the applied transesterification conditions did not release cutin-like monomers out of isolated pollen grains; thus, the identified monomers were only released from the epidermal cutin of anthers by this method. In the wild type, the total amount of cutin was 1.45 mg/mm 2 . By contrast, in the dpw mutant, it was 0.46 mg/mm 2 , which corresponded to a reduction of 68.0% compared with the wild type (Figures 4A and 4C; see Supplemental Table 2 online). In the wild-type anthers, the major aliphatic cutin monomers were the 16-hydroxy-hexadecanoic acid, 9(10),16-dihydroxy-hexadecanoic acid, 18-hydroxy-octadecenoic acid, and 9-epoxy-18-hydroxy-octadecanoic acid and compounds reported as unidentified rice cutin monomers (Jung et al., 2006; . Compared with the wild type, all aliphatic cutin monomers observed in the dpw mutant were significantly reduced ( Figure 4C ).
To understand the change in internal fatty acid and alcohol content, the total soluble anther lipids were extracted for analysis. In the wild type, the total amount of fatty acids with carbon lengths from 12 to 24 was 34.9 mg/mg (Table 1) . However, the dpw anthers had slightly more fatty acids in this size range (36.4 mg/mg) than those of the wild type. By contrast, the dpw anthers contained less C16 and C18 fatty alcohols (0.22 mg/mg) than the wild type (0.38 mg/mg) ( Table 1 ), suggesting that fatty alcohol formation is altered in the mutant anthers.
Isolation of DPW
To identify DPW, we used a map-based cloning approach (see Methods). After fine mapping, we found that the dpw mutation had a single base deletion in the eighth exon of a candidate gene (LOC_Os03g07140) that consisted of nine predicted exons and eight introns (Figures 5A and 5B), resulting in frame shift and premature translational termination ( Figure 5C ). To confirm the annotation of DPW, we obtained a full-length cDNA (AK121254) from the Rice Genome Resource Center (RGRC-NIAS; http:// www.rgrc.dna.affrc.go.jp/stock.html). The DPW transcribed region includes a 368-bp 59 untranslated region (UTR), an 893-bp 39 UTR, and an open reading frame of 2851 bp encoding 608 amino acids. This gene was confirmed to be DPW by functional complementation of dpw homozygous plants (see Supplemental Figure 3 online).
Functional Conservation of DPW in Flowering Plants
To test whether DPW function is rice specific or conserved in plants, we performed phylogenetic analysis of DPW and its close homologs. We searched public databases (National Center for Biotechnology Information [NCBI], Gramene, and The Arabidopsis Information Resource) using BLASTP with the DPW amino acid sequence as a query and obtained 24 closely related homologous sequences. Sequence comparison (see Supplemental Figure 4 online) indicated that all 25 proteins contained highly similar NAD binding 4 and a male sterile domain (Aarts et al., 1997) , implying that these two functional domains are evolutionarily conserved between plants and animals.
Subsequently, we constructed a neighbor-joining phylogenetic tree of the 25 genes ( Figure 5D ), which were grouped into three clades. The anther-specific Ta TAA1 gene implicated in (X) A dpw mutant anther at stage 12. Ba, bacula; E, epidermis; En, endothecium; Ex, exine; ML, middle layer; Ms, microsporocyte; Msp, microspore; Mt, mitochondrion; N, nucleus; Pl, plastid; Ne, nexine; Se, sexine; Sp, sporopollenin; T, tapetum; Tds, tetrads; Ub, Ubisch body; Ve, vacuole. Bars = 5 mm in (A) to (F), (M), (N), (W), and (X), 1 mm in (G) to (J) and (O) to (R), and 0.5 mm in (K), (L), and (S) to (V).
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The Plant Cell wheat pollen wall development (Wang et al., 2002) and seven rice genes were grouped into the first clade. Clade 1 also contained seven other genes from dicots: six from Arabidopsis and the FAR gene from jojoba (Metz et al., 2000) . Moreover, Clade 2 contained DPW, Arabidopsis MS2 (Aarts et al., 1997) , an Arabidopsis MS2-like gene (AT3G56700 long) (Doan et al., 2009) , Physcomitrella patens XP 001758118, Vitis vinifera XP 002276588, and Bc MS2
from Brassica rapa subsp chinensis (Hu et al., 2006) . A single putative paralog of this group seems to be present in the genome of land plants. The presence of the XP 001758118 gene from P. patens, a moss, suggests that DPW and its homologs represent a conserved group of genes with basic and important roles in the major lineages of land plants. Furthermore, Drom NP 611143, human FAR1 and FAR2, and mouse FAR1 from animals were (A) Total wax and cutin amount per unit surface area (mg mm À2 ) in the wild-type (black bars) and dpw (white bars) anthers. Error bars indicate SD (n = 5).
(B) Wax constituents, amount per unit surface area (mg mm À2 ) in the wild-type (black bars) and dpw anthers (white bars). Error bars indicate SD (n = 5).
(C) Cutin monomers, amount per unit surface area (mg mm À2 ) in the wild-type (black bars) and dpw anthers (white bars). Error bars indicate SD (n = 5).
Compound names are abbreviated as follows: C18 acid, octadecanoic acid; C18(2) acid, linoleic acid; C18 (1/3) acids, oleic acid and linolenic acid; C22 acid, docosanoic acid; C24 acid: tetracosanoic acid; C16 v-OH acid, 16-hydroxyhexadecanoic acid; C18 (1) v-OH acid, 18-hydroxy-octadecanoic acid; C16 diacid, hexadecane-1,16-dioic acid; C18 (1) diacid, octadecene-1,18-dioic acid; C16 9/10,16-diOH acid, 9(10), 16-dihydroxy-hexadecanoic acid; C18 9/10, 18-diOH acid, 9(10), 18-dihydroxy-octadecanoic acid; C18 epoxy v-OH acid, 9-epoxy-18-hydroxy-octadecanoic acid; URCM, unknown rice cutin monomer. Acids were analyzed as methyl esters, and hydroxyl groups were analyzed as trimethylsilyl esters.
DPW Regulates Rice Anther Development 7 of 22 grouped into Clade 3. These results suggest that DPW and its homologs play key roles in lipid biosynthesis among divergent plants and animals. The phylogenetic analysis suggests that DPW and Arabidopsis MS2 are orthologs. In support of this hypothesis, ms2 also has abnormal pollen wall development, with a similar phenotype to the dpw mutant (Aarts et al., 1997; Dobritsa et al., 2009 ). However, detailed biochemical defects have not been described for the ms2 mutant. The DPW and MS2 proteins share only 59% identity overall and 65% identity within the two functional domains ( Figure 5D ; see Supplemental Data Set 1 and Supplemental Figure 5 online). To obtain direct evidence for the evolutionary relatedness of these two genes, we performed functional complementation of the ms2 mutant using full-length DPW cDNA and a DPW translationally fused construct, DPWGreen Fluorescent Protein (GFP), respectively ( Figure 6A ). Two binary plasmids, ProMS2:DPW and ProMS2:DPW-GFP, carrying the Arabidopsis MS2 promoter were individually introduced into MS2/ms2 heterozygous plants. The result showed that both DPW and DPW-GFP were able to rescue the pollen wall defects of the ms2 homozygous plants (Figures 6B to 6E and 6G to 6J) , indicating that the function of DPW/MS2 is conserved in both dicots and monocots and possibly in all flowering plants.
DPW Is Mainly Expressed in the Tapetum and Microspores
To test whether DPW acts within the anther, or in other tissues, we analyzed the DPW expression pattern. DPW expression analysis by RT-PCR using total RNA extracted from vegetative and reproductive organs indicated that the DPW transcripts were not detectable in roots, stems, leaves, and the nonreproductive floral organs, glume, lemma, and palea ( Figures 7A and 7B ). On the other hand, DPW expression was observed in the anthers at relatively early stages of anther development, starting at stage 8, peaking at stage 9, declining slightly at stage 10, and dissipating by stage 12. Meanwhile, a low level of DPW transcript was detected in the pistil. No obvious morphological abnormalities were observed in the dpw pistil; therefore, it is possible that there is gene redundancy or that DPW is not required for morphological development in the pistil.
To more precisely determine the spatial and temporal patterns of DPW expression, we performed RNA in situ hybridization with wild-type floral sections. At early stage 7, no DPW expression was detected ( Figure 7C ). From stage 8 to stage 10, strong expression of DPW was detected in the tapetum, but there was no detectable signal in the anther epidermis ( Figures 7D and 7E) . Also, the DPW transcripts could be detected in microspores at stage 8 ( Figure 7D ) but were reduced at stage 10 ( Figure 7E ). Consistent with RT-PCR analysis, we detected a weaker expression signal of DPW in the pistil, specifically in the ovule ( Figure 7F ). Only background levels of signal were detected with the sense probe ( Figures 7G to 7J) . Furthermore, the expression signal of DPW-GFP in the complemented lines was observed in the tapetal layer in the homozygous ms2/ms2 background (Figures 6L to 6O ). These results demonstrate that DPW is indeed expressed in the tapetum and microspore, which confirms that it acts directly on anther development and most likely has a role in the production of an essential structural building block.
DPW Is Mainly Localized to Plastids
A putative chloroplast or mitochondrion targeting signal peptide was predicted at the N terminus of DPW from the first to 41st amino acid residues using the TargetP 1.1 server (http://www. cbs.dtu.dk/services/TargetP/) and SubLoc v1.0 (http://www. bioinfo.tsinghua.edu.cn/SubLoc/eu_predict.htm). To experimentally verify the subcellular localization of DPW, we constructed another fusion construct, DPWDN-GFP, which contains a DPW fragment without the sequence encoding the putative N-terminal transit peptide. The constructs DPW-GFP, DPWDN-GFP, and GFP alone were introduced into protoplasts isolated from etiolated rice stems. Plastid signals were observed by the autofluorescence of chlorophyll. To mark the mitochondrion, a translational fusion construct of the mitochondrial F1ATPase g-subunit and the red fluorescent protein (RFP) was cotransformed into the protoplasts. Our analysis indicated that the DPW-GFP signal colocalized with the chlorophyll autofluorescence signal in plastids but not obviously with the F1ATPase-g-RFP signal in rice protoplasts ( Figures 8A to 8D ), suggesting that DPW is mainly localized in plastids. By contrast, the free GFP and DPWDN-GFP signals were found in the cytoplasm and did not colocalize with the RFP signal or the chlorophyll autofluorescence signal (Figures 8E to 8H ; see Supplemental Figure 6 online).
Moreover, we produced rabbit polyclonal antibodies against recombinant DPW to perform immunological colloidal gold localization experiments in rice. The specificity of the antibodies was verified by immunoblot analysis. A specific signal corresponding to the expected size of DPW was observed using the DPW Regulates Rice Anther Development 9 of 22 DPW antibody in the wild-type anther but not in the dpw mutant (see Supplemental Figure 7 online). The molecular mass of the detected protein was estimated to be ;63 kD, as expected of DPW without its targeting signal peptide. Transverse sections of wild-type stage 9 anthers were incubated with the purified DPW antibody as the primary antibody. Subsequently, goat anti-rabbit IgG antibodies conjugated with 10-nm colloidal gold particles (Sigma-Aldrich) were used to recognize the primary antibody. The gold particles were observed in plastids and fewer in the mitochondria within the tapetal cells ( Figures 8I to 8K ), whereas no detectable signal was observed in the control sections when incubated with the preimmune antiserum as the primary antibody ( Figure 8L ). Furthermore, analysis of stable transgenic lines in a wild-type Arabidopsis background containing DPW-GFP driven by the cauliflower mosaic virus 35S promoter confirmed the presence of DPW-GFP signal in leaf chloroplasts ( Figures 8M to  8P ). These observations support the idea that DPW is mainly localized to plastids. To confirm the biological importance of the N-terminal transit peptide of DPW, we made an additional fusion construct comprising of the Arabidopsis MS2 promoter and DPW without the targeting signal peptide (ProMS2:DPWDN) ( Figure 6A ). Unlike the ms2 homozygous plants transformed with ProMS2:DPW, the ProMS2:DPWDN transgenic plants displayed defective pollen wall development, similar to that of the ms2 mutants ( Figures 6C,  6F , 6H, and 6K). These results indicate that the N-terminal transit 
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The Plant Cell peptide sequence of DPW is required for its functioning in pollen wall development.
Recombinant DPW Has the Fatty Acyl ACP Reductase Activity
As shown in Figure 5 , DPW is predicted to be a FAR involved in the formation of fatty alcohols. To test this, we generated a bacterial expression vector by inserting the full-length DPW cDNA into the pET30a vector (Novagen) and introducing this construct into Escherichia coli BL21(DE3). The recombinant strain containing pET-DPW or the empty vector as a control was induced with 0.5 mM isopropyl b-D-1-thiogalactopyranoside for 48 h and shaken slowly at 208C to improve expression of the soluble, active form of DPW. Then, recombinant DPW was purified by affinity chromatography and eluted from the column using 10 mM imidazole. In agreement with the predicted size, the molecular mass of the affinity-purified protein was estimated to be 65 kD by SDS-PAGE analysis (see Supplemental Figure 8 online). The DPW sample contained nonspecific protein bands, which were also observed in the control bacteria containing the pET30a vector (see Supplemental Figure 8 online). Long-chain fatty acids synthesized in plastids by fatty acid synthase are esterified to ACP, but long-chain acyl-ACPs are expected to be cleaved by an acyl-ACP thioesterase, exported from the plastid, and then linked to CoA (Li-Beisson et al., 2010) . Since DPW localizes to the plastid, we tested the DPW activity against acyl-ACPs. A previous investigation suggested that jojoba FAR can use acyl-CoA as the substrate (Metz et al., 2000 ); therefore we also tested DPW activity against acyl-CoAs. Recombinant DPW converted palmiltoyl-ACP into hexadecanol ( Figure 9A ), which is confirmed using the deuterium-labeled 7,7,8,8-d 4 -palmitoyl-ACP as substrate, yielding a product at the same retention time as hexadecanol but with a mass ion 4 more than the d 0 hexadecanol standard ( Figure 9B ; see Supplemental Figure 9 online). Recombinant DPW could also reduce palmitoylCoA to produce C16:0 fatty alcohol ( Figure 9C ). DPW activity was not detectable in the absence of NADPH (see Supplemental Figure 10 online) or in the presence of NADH (see Supplemental Figure 11 online), suggesting the strict dependence of DPW activity on NADPH. In addition, C16:0 fatty alcohol was not formed when palmiltoyl-ACP, palmiltoyl-CoA, or palmiltoyl-ACP (P) Bright-field image of (O). Bars = 4 mm in (A) to (H), 1 mm in (I), 0.1 mm in (J) and (K), 0.2 mm in (L), and 5 mm in (M) to (P). En, endothecium; ML, middle layer; Ta, tapetum; Ex, exine; M, mitochondrion; P, plastid.
The Plant Cell solution was incubated with control extracts obtained from cells containing only the empty pET30a vector. To investigate the substrate specificity of DPW, additional ACP and CoA compounds of saturated and unsaturated fatty acids with different chain lengths were tested (see Supplemental Figures 12 and 13 online). When palmitoleoyl-CoA was used as the substrate, C16:1 fatty alcohol was observed ( Figure 9D ). The identities of the generated fatty alcohols were confirmed by mass spectra (see Supplemental Figure 9 online). However, no derived alcohols were observed when ACP compounds, including myristoyl (14:0), palmitoleoyl (C16:1), and stearoyl (C18:0), or CoA compounds of decanoyl (C10:0), lauroyl (C12:0), myristoyl (14:0), stearoyl (C18:0), linoleoyl (C18:1), and oleoyl (C18:2) were tested individually (see Supplemental Figures 12 and 13 online) . Moreover, the free palmitoyl and palmitoleoyl acids were not converted to fatty alcohol by the recombinant DPW enzyme (see Supplemental Figure 11 online). 
Expression of the Genes Involved in Anther and Pollen Wall Development in dpw
Because the dpw anther has an abnormal lipid composition and alteration in metabolites can modulate gene expression by feedback regulation, we postulated that the expression of genes critical for pollen wall and anther cuticle formation might be affected. To test this hypothesis, we examined the expression of the genes thought to be involved pollen wall and anther cuticle development in wild-type and mutant anthers. We first investigated the expression of the Os DEX1 gene, which is the putative homolog of Arabidopsis DEX1 with 64% amino acid sequence identity. DEX1 is a putative membrane-associated protein possibly functioning in primexine assembly (Paxson-Sowders et al., 2001) . Quantitative RT-PCR (qRT-PCR) analysis revealed that Os DEX1 was highly expressed in wild-type rice anthers from stages 8 to 12, with maximal expression at stage 10, implying that Os DEX1 probably functions in rice pollen development. The Os DEX1 transcripts appeared to show earlier expression in the dpw mutant, with increased expression at stages 8 and 9 compared with the corresponding stages in the wild type, but greatly reduced expression at stages 10 and 12 ( Figure 10A ). The Arabidopsis NEF1 gene is another regulator of primexine and exine development, which encodes a membrane-integrated protein in the tapetum plastid (Ariizumi et al., 2004) . Os NEF1 shares 60% identity in amino acid sequence with NEF1; Os NEF1 expression was detected at high levels at stages 10 in the wildtype anther but was greatly decreased in the dpw mutant anther ( Figure 10B ). The sporophytic Os RAFTIN1 protein has been shown to accumulate in cereal Ubisch bodies and to be transported from the tapetum to the pollen exine (Wang et al., 2003) , and transgenic plants with reduced Os RAFTIN1 expression due to RNA interference had aborted pollen development (Jung et al., 2006) . Os RAFTIN1 is mainly expressed at late pollen developmental stage (stages 9 to 12) in the wild type, but its expression was virtually undetectable in dpw ( Figure 10C ). This result is consistent with the observation of abnormal Ubisch bodies in the dpw mutant at stage 10 ( Figure 2H ).
Compared with wild-type anthers, dpw anthers are smaller, similar in size to those of the wda1 mutant. The epicuticular structure is a mixture of long-chain fatty acid-derived substances (Kunst and Samuels, 2003) . The rice WDA1 gene is mainly expressed in the anther epidermal cells and is thought to be involved in the decarbonylation pathway of very-long-chain fatty acid synthesis (Aarts et al., 1995; Jung et al., 2006; Bourdenx et al., 2011) . We detected wild-type WDA1 expression from stage 8 to stage 12. The expression level of WDA1 was not greatly changed at the late pollen stage in the dpw mutant ( Figure  10D) . A putative WDA1 paralog, Os CER1 shares 54% amino acid sequence identity with Arabidopsis CER1 and is thought to be involved in the conversion of long-chain aldehydes to alkanes for wax biosynthesis (Aarts et al., 1995; Bourdenx et al., 2011) . Expression of Os CER1 was detectable from stage 8 to stage 12 in the wild type; however, its expression level was increased only at stage 8 but decreased at stage 10 in the dpw mutant ( Figure  10E ). CYP704B2 is a conserved cytochrome P450 family gene, which is critical for rice pollen wall and anther cuticle development . CYP704B2 expression is specifically detected in the tapetum as well as in the microspores from stage 8 to stage 10. In dpw anthers, a dramatic reduction of CYP704B2 expression was observed ( Figure 10F ).
DISCUSSION
DPW Is Essential for Normal Anther Cuticle and Pollen Exine Development
Biosynthesis of fatty acid derivatives is required for reproductive development and fertility in higher plants, as supported by studies of wheat TAA1c (Wang et al., 2002) , rice TDR (Li et al., 2006; Zhang et al., 2008) , WDA1 (Jung et al., 2006) , CYP703A3 (Aya et al., 2009) , and CYP704B2 , and Arabidopsis CER1 (Aarts et al., 1995) , MS2 (Aarts et al., 1997) , CYP703A2 (Morant et al., 2007) , ACOS5 (de Azevedo Souza et al., 2009) , CYP704B1 (Dobritsa et al., 2009; Yi et al., 2010) , TKPR1/2 (Grienenberger et al., 2010) , PKSA/ LAP6, and PKSB/LAP5 (Dobritsa et al., 2010; Kim et al., 2010) . Our results show that DPW is able to produce C16:0 alcohol, which is critical for pollen exine development. The spatiotemporal expression pattern of DPW in the tapetum from stage 8 to 10 is in good agreement with the role of the tapetum in synthesizing and secreting sporopollenin precursors. The dpw mutant has reduced sporopollenin deposition on the primexine of the pollen grain surface. The pollen wall patterning defect in dpw is probably due to abnormal tapetum development and function, with reduced numbers of Ubisch bodies generated from the tapetum. Recent evidence indicates that the wheat and rice tapetal RAFTIN protein is packaged into Ubisch bodies and incorporated into the pollen exine, and silencing of Os RAFTIN1 blocks rice pollen development (Wang et al., 2003) . Os RAFTIN1 Expression analysis of Os DEX1 (A), Os NEF1 (B), Os RAFTIN1 (C), WDA1 (D), Os CER1 (E), and CYP704B2 (F) in stages 8 to 12 anthers from the wild type (WT) and the dpw mutant using qRT-PCR. Rice Actin1 was used as a normalizer control. Error bars indicate SD, and each reaction had four biological repeats.
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The Plant Cell is expressed mainly during the late stages of anther development (Jung et al., 2006) . Os RAFTIN1 expression was dramatically reduced in the dpw mutant. This is consistent with the observed accumulation of abnormal Ubisch bodies and less condensed tapetum with abnormally accumulated electron-dense structures that usually contain lipidic compounds in the dpw mutant. Furthermore, mutation of DPW had significant effects on the gene expression patterns of other lipidic synthetic genes (e.g., CYP704B2 and Os CER1), which may account for the defect in the formation of the anther cuticle and pollen exine in dpw. The spatio-temporal expression pattern of CYP704B2 is similar to that of DPW, and its protein is putatively localized in the ER and catalyzes the hydroxylation of C16 and C18 fatty acids. cyp704B2 mutants display a defective pollen exine and an undeveloped anther cuticle . Why and how the missing formation of C16:0 fatty alcohol by DPW in plastids affects CYP704B2 expression remains to be elucidated.
Even though the expression pattern of DPW is restricted to the tapetum and microspores, DPW is surprisingly critical for the development of the cuticle in anthers. It is interesting to observe that changes in lipid composition occurred in the dpw anther. There was a slight accumulation of soluble fatty acids and a significant reduction in the C16 fatty alcohols (P < 0.05) in the dpw mutant, which supports the biochemical role of DPW in the production of C16 primary alcohols from fatty acids during anther development. Residual C16 and C18 fatty alcohols in the dpw mutant may be explained by the expression of three other DPW putative paralogs (Os09g0567500, Os08g0557800, and Os08g0298700) in rice anthers (Hobo et al., 2008; Huang et al., 2009 ). Unexpectedly, upon cuticle analysis, we did not observe a concomitant accumulation of C16 monomers in the dpw anther but rather a reduction in cuticle C16 and C18 hydroxyacids, epoxyacids, and diacid monomers. The structural defect of the dpw anther cuticle is thus most likely explained by this significant reduction of all cutin monomers compared with the wild type ( Figure 4C ; see Supplemental Table 2 online). This same defect may also explain the major perturbation in sporopollenin formation and pollen development in the mutant. A slight increase in the levels of total wax monomers, C27, C29, C31, C33, and C35 alkenes, as well as C24, C26, and C18 alcohols is also detected in dpw. This may result from the feedback regulation in the mutant due to the defective synthesis of C16 fatty alcohols and/or to the rerouting of the precursors to an elongation/alkene pathway.
DPW Encodes a Fatty Acyl ACP Reductase
The framework of plant cuticle is determined by cutin, which is an insoluble polymer matrix containing the major constituents of hydroxylated and epoxy hydroxylated C16 and C18 fatty acids, as well as minor components such as fatty alcohols (Domínguez et al., 1999; Kolattukudy, 2001; Franke et al., 2005) . Fatty alcohols with C16 and C18 account for 0 to 8% of cutin composition (Pollard et al., 2008) . The alcohols naturally occur as free and esterified forms with various acyl groups, including aromatic and short (C2), long (C16 and C18), or very-long-chain aliphatic acids (Samuels et al., 2008) . In plant reproductive organs, the surface of specialized anther cells accumulate abundant lipidic wax and cutin (Riederer and Schreiber, 2001) .
In this study, we demonstrate that DPW can reduce palmitoyl-ACP and CoA esters to 1-hexadecanol. It is perhaps surprising that DPW has very similar kinetic parameters for palmitoyl and palmitoleoyl CoAs, but that while palmitoyl-ACP is a better substrate than the CoAs, the enzyme shows no activity against palmitoleoyl-ACP. The palmitoleoyl-ACP in these experiments was 30 mM (i.e., an order of magnitude greater than the K m for palmitoyl-ACP). Lack of activity for palmitoleoyl-ACP likely reflects the fact that this substrate is present at low levels if at all in plastids.
The data presented here provide biochemical insight into the enzymes with high sequence similarity to the FARs from the green alga Euglena gracilis (Kolattukudy, 1970) , jojoba (Metz et al., 2000) , and Arabidopsis (Rowland et al., 2006; Doan et al., 2009; Domergue et al., 2010) . The DPW protein may share a common catalytic function in lipid metabolism with other FARs described so far but differs from them in that it is mainly targeted to the plastids, and the purified DPW enzyme shows strong substrate preference for C16:0-ACP. The jojoba FAR is thought to contribute to the production of long-chain alcohols for wax accumulation in jojoba seeds, with recombinant enzyme producing C16:0 and C18:0 fatty alcohols (Metz et al., 2000) . Arabidopsis CER4 is a key enzyme in the production of verylong-chain primary alcohols required for development of epidermal cells of aerial organs and roots, and yeast cells expressing Arabidopsis CER4 were able to generate C24:0 and C26:0 primary alcohols (Rowland et al., 2006) . More recently, analysis of lipidic extracts of recombinant bacteria expressing five Arabidopsis FAR homologs revealed the formation of fatty alcohols with carbon lengths of C14, C16, and C18 from endogenous fatty acids. Production of C14:0, C16:0, and C18:1 alcohols was observed in bacteria expressing MS2 (Doan et al., 2009) . Moreover, in yeast, recombinant FAR1, FAR4, and FAR5 are able to form alcohols using distinct but overlapping substrates with a chain length ranging from C18:0 to C24:0 (Domergue et al., 2010) . In addition, yeast cells expressing silkmoth FAR could reduce fatty acids with 14 to 20 carbons in chain length to alcohols and preferentially to C15 and C16 fatty acids (Moto et al., 2003) . Two mouse enzymes, FAR1 and FAR2, were also observed to convert fatty acyl-CoA ester substrates into fatty alcohols (Cheng and Russell, 2004) .
DPW Defines Novel Pathways for Lipid Metabolism during Anther Development
Various types of plastids are found in different anther cells. Tapetal plastids are thought to play key roles in lipid synthesis and secretion for pollen wall synthesis during male gametophyte development (Clement and Pacini, 2001) . Fatty acid biosynthesis starts from acetyl-CoA carboxylase, which catalyzes the conversion of acetyl-CoA to malonyl-CoA by carboxylation, an ATPdependent reaction (Post-Beittenmiller et al., 1992) . In plants, fatty acids with short carbon chain lengths of up to C18 are thought to be mainly synthesized in plastids (Ohlrogge et al., 1979; Li-Beisson et al., 2010) . Subsequently, a portion of these fatty acids can be transported and elongated further in the ER. By sequence analysis and experimental evidence, we have shown that the DPW protein is localized predominantly in the plastids of tapetal cells during anther development. We also demonstrated that this plastidial localization relies on an N-terminal targeting signal peptide absolutely required for the DPW function in anther development as indicated by genetic complementation ( Figure  6) . A similar N-terminal transit peptide is observed in other DPW homologs, including Arabidopsis MS2, but not in the moss protein (see Supplemental Figure 4 online). Our findings thus seem to widen the metabolic functional range of plastids to include an important novel role in the conversion of fatty acids to fatty alcohols, which supports anther development in higher plants.
Here, we proposed a working model of how DPW regulates pollen exine and anther cuticle development (Figure 11 ). In plastids, fatty acids are synthesized by two enzyme systems: acetyl-CoA carboxylase and fatty acid synthase (Ohlrogge and Jaworski, 1997; Li-Beisson et al., 2010) . Fatty acids are esterified to ACP as the main form in the plastid. Long-chain acyl-ACPs could be cleaved by an acyl-ACP thioesterase, transported from the plastid to ER, and then linked to CoA for direct elongation (LiBeisson et al., 2010) . The bulk of C16:0-ACP, however, seems to be converted to hexadecanol by DPW in plastids. This conversion into hexadecanol may be required for efficient export from the plastids, either via a transporter, membrane fusion, or possibly just via free diffusion through the lipidic phase into the cytoplasm (Spector and Soboroff, 1972) . This model would imply subsequent oxygenation by P450 or other enzymes most likely in the ER to generate cytoplasmic fatty acids. Those enzymes could then be hydroxylated by fatty acid hydroxylases, such as CYP703As (Morant et al., 2007; Aya et al., 2009 ) and/or CYP704Bs (Dobritsa et al., 2009; . The derived hydroxylated fatty acids would then be available for conversion to acyl-CoAs by ACOS, such as ACOS5 (de Azevedo Souza et al., 2009) , and the derived acyl-CoAs converted to polyketides by TKPR1/2 (Grienenberger et al., 2010) , PKSA/LAP6 and PKSB/ Figure 11 . The Proposed Scheme of the Biosynthesis of Pollen Exine and Anther Cuticle.
In plastids, fatty acids are de novo synthesized and esterified to ACP. The long-chain acyl-ACPs could be cleaved, transported from the plastid to ER, and linked to CoA for direct elongation (Li-Beisson et al., 2010) . C16:0-ACP is reduced to hexadecanol by DPW in plastids, and hexadecanol may freely diffuse or be transported into the lipidic phase in the cytoplasm (Spector and Soboroff, 1972) . Hexadecanol may be further converted to fatty acid and oxygenated by P450 enzymes in the ER. The derived hydroxylated fatty acids may then be converted to acyl-CoAs by ACOS, such as ACOS5 (de Azevedo Souza et al., 2009) , and the derived acyl-CoAs may be converted to polyketides by TKPR1/2 (Grienenberger et al., 2010) , PKSA/LAP6, and PKSB/LAP5 . Fatty acids, alcohols, acyl-CoAs, polyketides, and other derived monomers may be translocated from the tapetal cells by ATP binding cassette transporters, such as WBC27/ABCG26 (Choi et al., 2010; Dou et al., 2011; Quilichini et al., 2010; Xu et al., 2010) , and/or lipid transport proteins, such as Os C6 , into the locule and anther epidermis as sporopollenin and anther cuticle precursors.
LAP5 . Fatty acids, alcohols, acyl-CoAs, polyketides, and other derived monomers may be exported from the tapetal cells by ATP binding cassette transporters, such as WBC27/ABCG26 (Choi et al., 2010; Quilichini et al., 2010; Xu et al., 2010; Dou et al., 2011) , and/or lipid transport proteins, such as Os C6 , into the locule and anther epidermis as sporopollenin and anther cuticle precursors.
DPW Function Is Conserved among Plants
Production of fatty alcohols is a basic biological event for the generation of lipidic derivatives in organisms ranging from animals to plants. In this study, we identified and analyzed 24 putatively DPW-like proteins from lower plants, higher plants, insects, and mammals. Their phylogenetic relationship suggests that these genes probably share a common ancestor, highlighting the conserved role of DPW and their homologs in the production of fatty alcohols. The sequence conservation in Clade 2 also suggests that our analyses of DPW have uncovered a key step of fatty alcohol production common to land plants. In addition, the analysis of Arabidopsis transgenic plants carrying DPW indicates that it is a functionally equivalent ortholog of MS2.
In conclusion, we identified the rice DPW gene that encodes a fatty acyl ACP reductase, which we have shown to be principally localized to plastids. Loss of function of DPW caused abnormalities to the anther surface and pollen wall and reduction in the number of secretory, lipidic Ubisch bodies. Phylogenetic analyses and functional rescue experiments using DPW reveal a crucial pathway for fatty alcohol biosynthesis, which is essential for anther and pollen development and is conserved in both monocots and dicots.
METHODS
Mutant Material and Growth Conditions
All the plants were grown in the paddy field of Shanghai Jiao Tong University. The F2 mapping population was generated from a cross between dpw (Oryza sativa ssp japonica) and Guang Lu Ai (indica) for gene mapping.
Characterization of Mutant Phenotype
The photography of plant materials, nuclei staining using 49,6-diamidino-2-phenylindole, and observation of anthers fixed in formaldehyde acetic acid using standard plastic sections and TEM were performed as described by Li et al. (2006) . For scanning electron microscopy, fresh spikelets were coated with palladium-gold in a sputter coater (Hummer) and then observed in an autoscan scanning electron microscope (JEOL) with an acceleration voltage of 30 kV. Acetolysis was performed as described previously (Aarts et al., 1997) .
Analysis of Anther Waxes, Cutin, and Total Soluble Lipids
Wax and cutin of anthers were analyzed as described previously (Jung et al., 2006; . To express amounts per unit surface area, we generated a ratio of anther dried weight to surface area (see Supplemental Figure 2 online). Area was determined from pixel numbers in microscopy images, assuming a cylindrical body for rice anthers. To extract waxes, ;10 mg of freeze-dried anther material corresponding to 125 to 350 mm 2 of surface area were submersed in 1 mL chloroform for 1 min. The resulting chloroform extracts were spiked with 10 mg of tetracosane (Fluka) as internal standard and transferred to new vials. The solvents were evaporated under a gentle stream of nitrogen gas until a final volume of 100 mL was reached. Compounds containing free hydroxyl and carboxyl groups were converted to their trimethylsilyl ethers and esters by adding 20 mL of BSTFA (N,N-bis-trimethylsilyltrifluoroacitamide; Machery-Nagel) and 20 mL of pyridine to the extracts and incubating them for 40 min at 708C. These derivatized samples were then analyzed by GC-FID (Agilent Technologies) and GC-MS (Agilent gas chromatograph coupled to an Agilent 5973N quadrupole mass selective detector).
Results of anther wax analysis were related to unit surface area.
To extract all soluble lipids, anthers that had been used in the wax extraction were reextracted with 1 mL of chloroform/methanol (1:1 [v/v] ). They were first incubated at 508C for 30 min and then overnight with constant shaking at room temperature. This extraction was repeated three times to ensure that no soluble lipids were left in the anther samples. The combined lipid extracts were then evaporated under a gentle stream of nitrogen gas until they reached a final volume of 100 mL and used for analyzing total soluble lipids. The remaining delipidated anthers were dried over silica gel and used to analyze the monomer composition of cutin polyester as described by Franke et al. (2005) . All soluble lipid samples and anther cutin samples were transesterified in 1 mL of 1 N methanolic HCl for 2 h at 808C. After the addition of 2 mL of saturated NaCl/water and 20 mg of dotriacontane (Fluka) as internal standard, the hydrophobic monomers were subsequently extracted three times with 1 mL of hexane. The organic phases were combined, the solvent evaporated, and the remaining sample derivatized as described above. GC-MS and GC-FID analysis were performed as for the wax analysis. Results of anther cutin analysis were related to unit surface area, while soluble lipid analysis was related to unit dry weights of anthers.
Map-Based Cloning of the DPW Gene
For fine-mapping of the DPW locus, bulked segregant analysis was used to identify markers linked to DPW as described by Liu et al. (2005) . The primer sequences for InDel markers are shown in Supplemental Table 3 online. The DPW locus was first mapped between two InDel molecular markers, OS302 and SJ302, on the short arm of chromosome 3. Then, 2160 F2 segregants from the mapping cross were generated, and three InDel markers (i.e., SJ622, CL7-4, and CL8-1) were used. DPW was finally defined between two of these InDel markers, SJ622 and CL7-4, within a 35-kb region ( Figure  5 ). PCR was performed according to Chu et al. (2006) . The PCR products were separated on 6% polyacrylamide denaturing gels, and bands were visualized by a silver-staining method (Liu et al., 2005) .
Complementation of the dpw Mutant
For functional complementation of the rice dpw mutant, a genomic fragment of ;6.0 kb containing the entire DPW coding region, the 2283-bp upstream sequence, and 890-bp downstream sequence was digested from the BAC clone AC073556 with EcoRI and KpnI and subcloned into the binary vector pCAMBIA1301 with a hygromycin resistance marker to generate the p1301-DPW construct. Calli that were induced from homogenous dpw young panicles were used for transformation with Agrobacterium tumefaciens EHA105 carrying the p1301-DPW plasmid.
qRT-PCR Assay
Total RNA was isolated using Trizol reagent (Invitrogen), as described by the supplier, from rice tissues, including root shoot, leaf, glume, lemma, palea, and anthers at different stages. The developing stages of anthers were classified into the categories according to spikelet length and anther morphology (Feng et al., 2001; Zhang and Wilson, 2009 ). RT-PCR procedures were performed as described by Li et al. (2006) . All the primers for RT-PCR are listed in Supplemental Table 4 online. PCR was performed with TaKaRa Ex Taq DNA polymerase for 35 cycles of denaturation for 30 s at 948C, annealing for 30 s at 588C, and extension for 90 s at 728C, followed by a final extension for 10 min. qRT-PCR was performed on a Rotor-Gene RG3000A detection system (Corbett Research) using SYBR Green I master mix (Generay Biotech). All PCR experiments were conducted using 40 cycles of 948C for 20 s, 588C for 20 s, and 728C for 20 s, in a reaction mixture containing 10 pmol of each primer and 3 mM magnesium chloride and a 1:10 dilution of each cDNA pool (per biological replicate) as a template; all reactions were performed in triplicate, with Actin1 as the normalizer reference gene for all comparisons.
In Situ Hybridization
To generate gene-specific and control sense probes, a 750-bp DPW cDNA fragment from a DPW cDNA clone, pCMVFL3 (RGRC-NIAS; http:// www.rgrc.dna.affrc.go.jp/stock.html), was digested with BamHI and HindIII, respectively, and transcribed in vitro under the T7 and SP6 promoters with RNA polymerase using the DIG RNA labeling kit (Roche). In situ hybridization was performed according to the protocol of Kouchi and Hata (1993) .
Complementation of the ms2 Mutant
For functional complementation of the ms2 mutant, we cloned an ;1.1-kb MS2 promoter sequence from ecotype Columbia Arabidopsis, and DPW cDNA fragments with 1.827 kb (DPW) or 1.602 kb (without the 222-bp fragment encoding the N-terminal transit peptide, DPWDN) from the cDNA clone AK121254. The MS2 promoter and DPW,DPWDN fragments and the DPW fragment fused with GFP were subcloned into the binary vector pCAMBIA1301 to yield ProMS2:DPW, ProMS2:DPWDN, and ProMS2: DPW-GFP, respectively. All the primers used for vector construction are listed in Supplemental Table 5 online. These constructs were introduced into Agrobacterium GV3101 and transformed into MS2/ms2 heterozygous plants. The transformed seeds were selected using hygromycin (50 mg/L), and transgenic ms2 homozygous lines were identified.
Polyclonal Antibody Preparation and Immunoblotting
The DPW fragment was amplified from the cDNA clone pCMVFL3 (RGRC-NIAS) using the primers PET-F and PET-R. The PCR product was cloned into the KpnI and EcoRI sites of a pET30a vector (Novagen) to produce pET30a-DPW. The fusion protein purification and antibody preparation were performed as described by Huang et al. (2003) . The preimmune antiserum was collected before the first injection, and the antiserum was collected after three injections. The antibody was purified according to the method described by Ritter (1991) .
Using extraction buffer (0.1 mmol/L Tris-HCl, 0.1 mmol/L EDTA, 0.15 mol/L NaCl, and 0.5% butanol, pH 7.5-8.0), cellular protein was extracted from the wild type and dpw mutant using the protocol described by Huang et al. (2003) and separated by 12% SDS-PAGE. After electrophoresis, the proteins were electronically transferred onto nitrocellulose membranes. The protein blot was blocked with 5% casein in Tris-buffered saline (TBS) Tween-20 buffer (20 mM Tris-HCl, pH 7.6, 0.8% NaCl, and 0.1% Tween 20) and incubated with the purified antibodies (with 1:50 dilution) for 1 h at room temperature as described by Huang et al. (2003) .
Subcellular Localization of DPW
For transient expression, full-length DPW cDNA and DPWDN were cloned into the pCAMBIA1301-GFP plasmid. Then, the control mitochondrial F1ATPase-g-RFP fusion construct (kindly provided by Hyun-Sook Paic, Yonsei University, Korea) , DPW-GFP and DPWDN-GFP constructs, and the construct containing GFP alone were introduced into rice protoplasts isolated from partly etiolated stems, by polyethylene glycol-mediated transformation (Bart et al., 2006) . The DPW-GFP construct was transformed into wild-type Arabidopsis plants (Columbia-0). Cells that exhibited GFP and RFP fluorescence were examined under a fluorescence confocal microscope (Leica TCS SP5).
For immunolocalization of DPW, rice anthers of wild type at stage 9 (Zhang and Wilson, 2009) were fixed in 3% (w/v) paraformaldehyde and 0.25% glutaraldehyde in 0.2 N sodium phosphate buffer, pH 7.0, and dehydrated in an ethanol gradient. Then, the anthers were infiltrated with LR-white resin (London Resin) and polymerized in gelatin capsules at 608C for 24 h. Microtome sections were hydrated in deionized water, etched with 0.56 M NaIO 4 and 0.1 N HCL, and washed for 15 min in PBS, 0.1% (v/v) Triton X-100, and 0.2% (v/v) Gly at pH 7.2. Then, the sections were blocked two times for 30 min each in 3% BSA and 0.1% Tween 20 in PBS and incubated overnight with the purified primary antibody at a 1/5 dilution or with preimmune serum diluted similarly as a control. After washing the sections in PBS and placing them for 40 min on TBS, pH 8.2, 0.2% (v/v) Tween, 0.2% (v/v) Triton X-100, and 0.1% (w/v) BSA, the sections were treated with the secondary antibody (10-nm colloidal goldconjugated anti-rabbit IgG developed in goat; Sigma-Aldrich), which was diluted 1:50 with 1% BSA for 2 h (Wang et al., 2003) . The sections were washed in TBS and deionized water and incubated with saturated uranyl acetate (30 min) and lead citrate (10 min). The sections were examined with a JEM-1230 transmission electron microscope (JEOL).
Phylogenetic Analysis
Multiple sequences were aligned with the ClustalX tool using default parameters, and a phylogenetic tree was constructed with the alignment of DPW-like protein sequences of rice and other species using the MEGA program (version 3.0; http://www.megasoftware.net/index.html) (Kumar et al., 2004) and the neighbor-joining method with the following parameters: Poisson correction, pairwise deletion, and bootstrap (1000 replicates; random seed).
Purification and Activity Assay of Recombinant DPW
Full-length DPW cDNA was inserted into the bacterial expression vector pET30a (Novagen), and this construct was introduced into Escherichia coli BL21(DE3). DPW expression was induced with 0.5 mM isopropyl b-D-1-thiogalactopyranoside for 48 h and shaken slowly at 208C to improve the yield of soluble and active recombinant DPW in E. coli.
For DPW purification, the collected bacterial cells were resuspended in a buffer (135 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO4, and 8 mM K 2 HPO4, pH 7.4) containing 0.1 mM phenylmethanesulfonyl fluoride and lysed by sonication or in a French press at 48C. After removal of cell debris by centrifugation (13,000 rpm, 48C, 10 min), the recombinant His-tagged DPW was purified by affinity chromatography using a Ni 2+ -NTA column, following the manufacturer's instructions. Bound proteins were eluted with sodium phosphate buffer containing increasing concentrations of imidazole and detected by 12% SDS-PAGE. Nonspecific proteins purified from the bacteria with the pET30a vector were used as control.
C16:0-ACP, 7,7,8,8-d 4 -C16:0-ACP, C14:0-ACP, C18:0-ACP, C16: 1-ACP, and [1-14 C]16:0-ACP were synthesized enzymatically (Rock and Garwin,1979 ) using recombinant spinach ACP-I (Broadwater and Fox, 1999) . The fatty acyl-ACP reductase activity of DPW and the FAR activity of DPW were analyzed as described by Metz et al. (2000) . The reaction mixture for the DPW assay contained 15 mM NADPH, 25 mM HEPESNaOH, pH 7.5, 1 mM DTT, 1 mM EDTA, 10% (w/v) glycerol, and 0.3% (w/v) CHAPS, plus the desired substrate. The reaction was initiated by the addition of the enzyme, and for negative control experiments, an 18 of 22
The Plant Cell equivalent volume of eluant from the Ni 2+ -NTA column that had been incubated with protein expressing the empty pET30a vector was added.
Incubations were performed at 308C for 30 min and terminated by the addition of an equal volume of cyclohexane. The products were extracted into 1.2 volumes of hexane, and 2 mL of this extract was subjected to GC-MS analysis. The Agilent GC was coupled with either an Agilent 5975C inert XL MSD with triple axis dector or an Agilent 5975C quadrupole mass selective detector. The detector and injector temperature were maintained at 2808C. The oven temperature of 758C was increased to 3208C at a rate of 408C min 21 and held at 3208C for 2 min. Alternatively, the initial oven temperature was programmed at 508C for 2 min, increased to 1808C at a rate of 58C min 21 for 2 min, and held at 1808C for 20 min.
[1-14 C]16:0-ACP was used for kinetics analysis of DPW. The reaction was incubated at 308C for 10 min and extracted twice with the use of 2 volumes of hexane, and the radioactivity of the hexane fraction was measured by liquid scintillation counting. As described above, extracts from bacteria expressing pET30a minus insert were used as the negative control.
Accession Numbers
Sequence data from this article for the mRNA and genomic DNA of DPW can be found in the GenBank/EMBL data libraries under accession numbers NM_001055618 and AC073556, respectively. GenBank accession numbers of all genes used in this study are NM_001058293 (Os DEX1), NM_001074533 (Os NEF1), NM_001068672 (Os RAFTIN1), NM_001053994 (Os CER1), NM_001071361 (WDA1), and NM_001055627 (CYP704B2). Accession numbers for the sequences used in the phylogenetic analysis are listed on the tree and the legend of Figure 5 .
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Supplemental
Supplemental Figure 12 . Substrate Specificity Analysis of Recombinant DPW Using Acyl-ACPs.
Supplemental Figure 13 . Substrate Specificity Analysis of Recombinant DPW.
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